Measuring the amplitude, and absolute (i.e., temporal and initial) phase of a monochromatic microwave field at a specific point of space and time has many potential applications, including precise qubit rotations and wavelength quantum teleportation. Here we show how such a measurement can indeed be made using resonant atomic probes, via detection of incoherent fluorescence induced by a laser beam. This measurement is possible due to self-interference effects between the positive and negative frequency components of the field.
Measurement of the amplitude and the absolute (i.e., temporal and initial) phase of a monochromatic wave is challenging because in the most general condition the spatial distribution of the field around a point is arbitrary. Therefore, one must know the impedance of the system between the point of interest and the detector, and ensure that there is no interference with the ambient field. It is recently shown in the literature that the absolute phase measurement can be used for accurate qubit rotations [1] [2] [3] and quantum wavelength teleportation [4] [5] [6] .
Before we describe the physics behind this process, it is instructive to define precisely what we mean by the term "absolute phase". Consider, for example, a microwave field such that the magnetic field at a position R is given by B (t) = B 0 cos(ωt+φ)x, where ω is the frequency of the field, and φ is determined simply by our choice of the origin of time.
The absolute phase is the sum of the temporal and the initial phase, i.e., ωt+φ. In order to illustrate how this phase can be observed directly, consider a situation where a cluster of non-interacting atoms are at rest at the same location. For simplicity, we assume each atom to be an ideal two-level system where a ground state |0> is coupled to an excited state |1>
by this field B(t), with the atom initially in state |0>. The Hamiltonian for this interaction
where g(t) = −g o cos(ωt+φ), g o is the Rabi frequency, σ i are the Pauli matrices, and the driving frequency ω = ε corresponds to resonant excitation. We consider g 0 to be of the
with a switching time τ sw relatively slow compared to other time scales in the system, i.e. τ sw >> ω −1 and g −1
0M
.
As we have shown before [2, 3] , without the rotating wave approximation (RWA) and to the lowest order in η ≡(g 0 /4ω), the amplitudes of |0> and |1> at any time t are as follows :
where Σ ≡ (i/2) exp[−i(2ωt + 2φ)], and g 0 (t) ≡
]. If we produce this excitation using a π/2 pulse (i.e., g 0 (τ )τ = π/2) and measure the population of state |1> after the excitation terminates (at t = τ ), we get a signal,
This signal contains information of both the amplitude and the phase of the field B(t).
The second term of Eq. 3 is related to the Bloch-Siegert shift [7, 8] and we have called it the Bloch-Siegert oscillation (BSO) [2, 3] . It is attributable to an interference between the so-called co-and counter-rotating parts of the oscillating field, with the atom acting as the non-linear mixer. For η = 0, we have the conventional Rabi flopping that is obtained with the RWA. For a stronger coupling field, where the RWA is not valid, the second term of Eq. 3 becomes important [2, 3] , and the population will depend now both on the Rabi frequency and the phase of the driving field. In recent years, this effect has also been observed indirectly using ultra-short optical pulses [9, 10, 11] under the name of carrier-wave Rabi flopping. However, to the best of our knowledge, the experiment we report here represents the first direct, real-time observation of this effect.
From the oscillation observed, one can infer the value of 2(ωt + φ), which represents the absolute phase of the second harmonic. This is equivalent to determine the absolute phase of the fundamental field, (ωt + φ), modulo π. In principle, a simple modification of the experiment can be used to eliminate the modulus π uncertainty. Specifically, if one applies a dc magnetic field parallel to the RF field, it leads to a new oscillation (in the population of either level) at the fundamental frequency, with exactly the same phase as that of the driving field. In the experiment described here, we have restricted ourselves to the case of determining the absolute phase of the second harmonic only.
While the above analytical model presented here is based on a two level system, practical examples of which are presented in reference 2, the effect is more generic, and is present even in three-or multi-level systems. In particular, we employed a three level system to observe this effect, due primarily to practical considerations. The specific system used consists of three equally spaced Zeeman sublevels of 87 Rb (5 2 S 1/2 : F=1: m F =-1,0,1, denoted as states |0>, |1> and |2>, respectively), where the degeneracy can be lifted by applying an external bias field. We have performed numerical simulations to confirm the presence of the BSO signature in the population dynamics of such a system as described below.
Consider an equally spaced, ladder-type three-level system (|0 , |1 and |2 ). The transition frequencies for |0 − |1 and |1 − |2 are of the same magnitude ε. We also consider that a direct transition between |0 and |2 is not allowed. Now, let the system be pumped by the same field at a frequency ω. Consider also that the Rabi frequency for the |0 − |1 transition is g 0 and that for |1 − |2 is also g 0 . Then, the Hamiltonian of the three-level system in a rotating frame can be written as:
where ω = ε. The amplitudes of the three levels are calculated numerically by solving the that there is at least one maximum of the BSO signal within the region of the probe.
Note that atoms with different velocities have different interaction times with the RF
field, and produce a spread in the BSO signal amplitude within the probe region. However, the phase of the BSO signal is the same for all the atoms, since it corresponds to the value of (ωτ + φ) at the time and location of interaction. Thus, there is no wash-out of the BSO signal due to the velocity distribution in the atomic beam. Fig. 3 shows the spectrum of the observed BSO signal. In Fig 3(a) , we show that the BSO stays mainly at 2ω. When the probe beam is blocked, there is no signal (Fig.3(b) ).
When the RF intensity is increased a component of the BSO at 4ω begins to develop, as predicted. For the data in figure 4 , the second harmonic of the driving field is used to trigger In figure 5 , we show that the fluorescence signal is phase locked to the second harmonic of the driving field. First, we placed a delay line of 0.4 µs on the cable of the reference field used to trigger the oscilloscope and recorded the fluorescence (Fig. 5a) . Then, we put the 0.4µs delay line on the BSO signal cable, and recorded the fluorescence (Fig. 5b) . The phase difference between the signals recorded in Figs. 5a and 5b is approximately 0.8 µs,
as expected for a phase locked fluorescence signal. The data presented were for the probe resonant with the transition F = 1 ↔ F = 1, but the same results were observed for
To summarize, we report the first direct observation of the absolute phase of the second harmonic of an oscillating electromagnetic field using self-interference in an atomic resonance. This process is important in the precision of quantum bit rotations at a high speed.
The knowledge of the absolute phase of a RF field at a particular point of space may also be useful for single-atom quantum optics experiments. For example, an extension of this concept may possibly be used to teleport the wavelength of an oscillator, given the presence of degenerate distant entanglement, even in the presence of unknown fluctuations in the intervening medium [4] [5] [6] 12] . Finally, this localized absolute phase detector may prove useful in mapping of radio-frequency fields in micro-circuits. Although a particular alkali atom was used in the present experiment, the mechanism is robust, and could be observed in virtually any atomic or molecular species. 
